Introduction
Semiconductor nuclear radiation detectors can look back over a more than forty-year-long history. By now they have demonstrated their unique properties in a large number of fields and new exciting applications are reported every year. Much effort and great interest is devoted at the present time to the question: "Can semiconductor detectors be used in large numbers in high-energy physics?" The payoffs of such an application of semiconductors can be drastically demonstrated (and therefore also a little oversimplified) with the possibility of the replacement of a detector like the time-projection chamber (TPC) which is a cylinder, 2m long and lm in diameter, with a ten times shorter and five to ten times smaller diameter cylinder, fully covered with a large number of two-dimensional silicon array detectors. Such a reduction in volume could be propagated to the large superconducting magnet surrounding TPC and to all the detectors enclosing TPC. With this futuristic outlook we come back to the more modest outline of this particular lecture. The electrical properties of elemental semiconductors which are most important for the radiation detection will be reviewed first. This section is followed by a discussion of nuclear radiation detector dimensions which are dominated by the linear absorption coefficient or the range-energy relation of the various kinds of radiation. The detector dimensions dictate an upper limit of the net impurity concentration which is, compared to the number of germanium or silicon atoms per cm3, extremely small. Recently developed techniques for the study of impurities present in such small concentrations are described in some detail. The review closes with a discussion of the progress made in surface passivation.
Elemental Semiconductors Silicon and Germanium
The properties of the semiconductors Si In other terms, this means that we have to transfer at least the bandgap energy to a bound electron in order to break it out of its bond and make it free. This can happen when highly energetic radiation (particles, gamma rays and x-rays) enters a semiconductor crystal. On the other hand, electrons can also be broken out of their bonds by thermal energy (phonons). Every electron which leaves its valence position will leave behind a hole. This "missing electron" or hole can be modeled as a "positive electron". The intrinsic carriers are dictating the lower limit of the leakage current in a reverse biased diode. This is the fundamental reason for the cooling of germanium detectors (In this respect, there is no difference between gallium-doped, lithium-compensated Ge or high-purity Get) and also of very high resolution silicon x-ray detectors. Much effort has gone into producing detectors from semiconductors with a larger bandgap and therefore lower leakage current at room temperature. One of the following lectures discusses the results which have been achieved with HgI2.
The second property which has been mentioned is related to net impurity doping. The introduction of elemental impurities of the third and fifth group of the periodic table of isotopes makes an elemental semiconductor conduct much more strongly than one would expect from the intrinsic carrier concentration. Of the five valence electrons of a phosphorus atom only four are needed to complete the bonds to the four Si or Ge neighbors. The fifth electron is very loosely bound, actually with about one fortieth to one sixtieth of the bandgap energy. Because it is so weakly bound, it takes very little thermal energy to free such a carrier into the valence band. This situation is described in the band schematic by a socalled "state" close to the conduction band (Fig. 2) . A short line, a few meV below the conduction band, shows that there is an energetically permitted place for one electron. In close analogy, one describes the hole which is created when an aluminum impurity atom binds a fourth electron which comes from somewhere in the valence band. It again takes very little energy to move a valence electron from a valence band place into a group three impurity place. The hole which is created can move freely through the crystal and it acts like a positive electron. Following this simple picture one calls group III impurities acceptors and group V impurities donors. When both donors and acceptors are present in a crystal (which is true in all real crystals) the donor electrons can fall into acceptor levels (Fig. 2) . Energetically this is preferred over the emission into the conduction band. Neither the donor nor the acceptor produce now a free carrier i.e., the two compensate each other. This is the mechanism which explains why we only care about the net impurity concentration, either NA-ND for NA>ND or ND-NA for ND>NA-It has been stated above that it takes little but not zero energy to free a bound phosphorus electron to the conduction band. When a germanium crystal is cooled to low temperatures, we find that the thermal energy becomes too small for the ionization of a donor at around 15 to 20K. In silicon crystals, the "freeze out" or deionization occurs already at around 60-70K. The actual freeze-out temperature depends on both the concentration of donors and acceptors. This freeze out of the free carriers explains why one has to expect a possible change in the operational characteristics of semiconductor radiation detectors used at very low temperatures (e.g. liquid helium temperature 4.2K). At detectors demonstrates this dependence very effectively. While many silicon crystals can be used to fabricate good room temperature detectors, several of these detectors show severe trapping when cooled to liquid nitrogen temperature (77K). The latter detectors obviously contain traps which are effective at 77K but not at 300K.
So far most of the discussion has been focused on the sources of free electrons and holes and on their interaction with impurity levels. Carrier transport in an electric field is the last phenomenon to be described before coming to the actual semiconductor detectors. At low electric fields the drift velocity v is proportional to the E field:
The proportionality constant is called mobility . Typical values for V are (all values in cm2/Vs):
Contacts of opposite type sandwich a low impurity concentration n or p (y or 7) region. Signal formation for x-and y-rays can evolve through the following stages: The high energy photon interacts with a K-shell electron (or with higher shells but with much lower probability) and gives up all of its energy to this electron. This full energy photon conversion is called photoeffect. The basic structure of a planar detector n -i-p+ diode is shown in Fig. 3 . F=0.1 for Si, Ge. F is called Fano factor. It is <1 in the case of Si and Ge. In gases, Fano factors larger than unity have been observed. The small energy needed to produce an electron-hole pair and the small Fano factor lead to an energy resolution of semiconductor detectors which is substantially better than any other broad band detection scheme (i.e. gas proportional counters, scintillators coupled to photomultipliers, etc.). Fifteen-year-old spectra of gamma rays from neutron activated pottery (Fig. 4) illustrate the superior energy resolution quite drastically although today's NaI scintillators have a somewhat better energy resolution than that shown in Fig. 4 . 
I=photon flux. We ignore here all secondary or higher order interaction sequences such as a compton event followed by a photo effect, etc. These higher order events lead to larger number of full energy conversion Fig. 7 . The well known fact that Ge detectors have to be used above -40keV is apparent.
Electrons and ions interact directly with the lattice nuclei and electrons. There is no statistical conversion process necessary before ionization (i.e. electron-hole pair production) can take place. The range-energy concept is applicable in these cases. The range-energy relationships for a number of ions are plotted in Fig. 8 for Si and in Fig. 9 Fig. 9 . Range-energy relation for ions in Ge.
Measurement of Impurity Levels:
Concentration and Species
After having discussed the net impurity concentrations which are required in the extreme case of large volume gamma ray detectors (detectors with smaller depletion width obviously are less demanding on the impurity concentration), we return in this section to the nature of impurity levels, to the measurement of their concentration and to the determination of their specie(s). Let us first divide the impurity levels into two categories: shallow levels and deep levels.
Shallow levels do not trap free charges for long enough times at typical detector operating temperatures to have any detrimental effects on the charge collection. Shallow levels are produced by the group III and the group V elements and also by lithium. The ionized shallow levels contribute space charge leading to the finite depletion layer for a given reverse bias.
Ionized deep levels also contribute space charge in a reverse biased diode. The detrimental effect of deep levels is the trapping of free charge carriers. Deep levels have to be eliminated from high quality detector crystals.
The shallow net impurity concentration of silicon single crystals can be measured at room temperature. It is typically derived from a resistivity measurement (p) using the following equation:
the conduction band where it represents a free carrier. The measurement of the conductivity in function of the photon energy (or typically wavenumber v=A-in cm-1, 8.065cm-=lmeV) yields a series of sharp peaks at all the energies which lead to a transition from the groundstate to a bound excited state. A section of a spectrum obtained with an ultra-pure Ge crystal containing the residual acceptor aluminum is shown in Fig. 11 Photothermal Ionization Spectroscopy (PTIS) combines several advantageous features: a) The sensitivity does not depend in first order on the impurity concentration because both the "dark" conductivity and the conductivity increase with light depend linearly on the net impurity concentration. b) The purer the crystal is, the higher the resolution will be. This is true to about a net concentration of 10"lcm-3. At such low concentrations, virtually all the impurities are spatially separated so far that no overlapping of wave functions (one cause of line broadening) occurs. c) The excellent energy resolution allows the separation of all the known acceptors and donors and has led to the discovery of several new centers.
The extensive application of PTIS5 has guided the development of ultra-pure germanium and has led to some understanding of the impurity chemistry. One of the surprising findings was the nonsegregating behavior of aluminum in crystals grown from a melt contained in a quartz crucible. Another surprise was the discovery of acceptor and donor centers which appear to be composed of two or more impurities which may be neutral by themselves. One such center is sketched in Fig. 12 . A silicon impurity in germanium traps a hydrogen atom in its strain field. The hydrogen atom can complete its is shell by accepting a second electron from the germanium valence band. By accepting an electron, the center becomes an acceptor called A(H,Si). A similar center with carbon in place of silicon has been found. Figure 13 shows the well-known D(H,O) or "rapid quench called this center. (Fig. 14) . Shallow levels will follow the bias changes very rapidly down to low temperatures. Deep centers will give up their charge with a specific time constantTr (see Equation 2 ). The charge state situation is directly reflected in the total space charge and in the capacitance. The bias and capacitance relation is displayed for a hypothetical trap in Fig. 15 . In order to obtain a spectrum, one uses an electronic "filter" which produces a maximum output for a given, variable time constant. Emission "rate window" is the expression which has been adopted for such a filter. Lock-in amplifiers, boxcar integrators and for the best signal-to-noise ratio, a correlator are used to realize a "rate window". Figure 16 shows a block schematic of a correlator setup. The reverse biased diode is kept in a variable temperature cryostat. The capacitance is measured with any common capacitance bridge. The capacitance signal is processed in the correlator which produces a maximum output for a selectable time constant between 1 and lOOms in this particular case. Keeping the time constant fixed at a given value and changing the temperature from room temperature down to a few degrees K produces a DLT spectrum. Every deep level will have its emission rate or its inverse--the emission time constant--equal to the correlator time constant at a specific temperature. Above this temperature the time constant for emission will be too short to be picked out by the correlator and below that temperature the time constant will be too long. Figure 17 shows a Deep Level Transient Spectrum of an ultra-pure germanium p+-v-n+ diode containing copper and copperhydrogen acceptors.7 The copper acceptor can bind up to three holes leading to three levels in the bandgap.
One of these levels is located in the upper half of the bandgap. This means that the third hole cannot be ionized in p-type germanium at any temperature. It therefore does not lead to a peak in the spectrum. The strongly nonlinear temperature axis is caused by the nonlinear response of the Si diode temperature sensor. The same spectrum is displayed in Fig. 18 with a linearized temperature axis. (Fig. 19) was used in order to suppress surface effects. Figure 20 shows the 
Detector Surfaces
This section is devoted to the recent progress which has been made in passivating the bare surfaces of large volume germanium gamma-ray detectors. In a perfect planar p -i-n+ detector (Fig. 3) , the electric field lines will be perpendicular to the n+ and p+ electrodes and parallel to the bare surface throughout the whole volume. The deposition of a few charges (ions) on the bare surface will lead to a distortion of this electric field pattern. Because the net impurity concentration in the Ge bulk is very low, it takes very few charges to produce strong field distortions or surface channels. Such 
